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of the open brain Gene
Jonathan T. Eggenschwiler and Kathryn V. Anderson1
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New York, New York 10021
The processes that specify early regional identity in dorsal and lateral regions of the mammalian neural tube are not well
understood. The mouse open brain (opb) gene plays an essential role in dorsal neural patterning: in the caudal spinal cord
of opb mutants, dorsal cell types are absent and markers of ventral fates, including Shh, expand into dorsal regions. Analysis
of the opb mutant phenotype and of opb/opb7 wild-type chimeric embryos reveals that early in neural development, the
wild-type opb gene (opb1) is required cell autonomously for the expression of Pax7 in dorsal cells and Pax6 in lateral cells.
hus the opb1 gene product acts intracellularly in the reception or interpretation of signals that determine cell types in the
orsal 80% of the neural tube. At later stages, the lack of opb1 causes a non-cell-autonomous expansion of ventral cell types
nto dorsal regions of the neural tube, revealing that opb1 controls the production of a diffusible molecule that defines the
domain of Shh expression. The data indicate that opb1 could act as either a novel component of a dorsalizing pathway or
a novel intracellular negative regulator of the Shh signal transduction pathway. © 2000 Academic Press
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The cell types of the mammalian spinal cord are specified
by a series of intercellular signaling events that subdivide
the neural tube into progressively finer regions. The earliest
dorsal–ventral subdivisions of the spinal cord can be visu-
alized by the region-specific expression of marker genes in
neural progenitor cells. Neural progenitors in the dorsal half
of the neural tube express Pax3 and Pax7; progenitor cells in
he lateral neural tube express Pax6; more ventral progeni-
or cells express Nkx2.2, and the most ventral (floor plate)
ells express Sonic hedgehog (Shh) and Hnf3b (Goulding et
al., 1991; Jostes et al., 1990; Walther and Gruss, 1991;
Ericson et al., 1997b; Echelard et al., 1993; Sasaki and
Hogan, 1993). Both genetic and embryological data support
the model that a gradient of Shh controls the patterns of
gene expression and cell determination in the ventral neu-
ral tube (Chiang et al., 1996; Ericson et al., 1997b; Liem et
al., 1995; Roelink et al., 1995). In contrast, the mechanisms
1 To whom correspondence should be addressed. Fax: (212) 717-
3623. E-mail: k-anderson@ski.mskcc.org.
648that lead to regional identity in the dorsal and lateral neural
tube are not well understood.
Many experiments have indicated that interactions be-
tween dorsal neural plate cells and surface ectoderm specify
the neural crest and roof plate (LaBonne and Bronner-Fraser,
1999) and that the roof plate is the source of signals that
specify a subset of dorsal interneuron types (Lee et al., 1998,
2000; Millonig et al., 2000). However the mechanisms that
lead to early definition of the broader dorsal and lateral
regions characterized by expression of Pax3, Pax7, and Pax6
are not clear. The expression of Pax7 and Pax6 in dorsal and
lateral neural progenitors does not require signals from the
roof plate (Lee et al., 2000). Neural explant experiments
have implicated several different signals in the control of
dorsal and lateral neural identities. Some results indicate
that surface ectoderm and BMPs increase Pax3 expression
(Liem et al., 1995), while other experiments fail to show
induction of dorsal markers by similar treatments (Arkell
and Beddington, 1997; Bang et al., 1997). In some experi-
ments, signals from paraxial mesoderm can activate expres-
sion of Pax3 (Bang et al., 1997, 1999) and Pax6 (Pituello et
al., 1999). Shh can repress expression of Pax3, Pax7, and
Pax6, which would help exclude them from the ventral
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
g
p
(
V
d
s
S
b
C
e
a
l
u
(
a
a
p
f
p
p
1
p
P
b
I
i
i
p
f
8
b
o
(
b
e
m
d
649open brain in Neural Tube Patterningneural tube (Liem et al., 1995; Ericson et al., 1997b). Low
concentrations of Shh can activate Pax6 expression, which
could help define its lateral expression domain (Ericson et
al., 1997b). Additional genetic analysis should help identify
signals that specify dorsal and lateral neural fates in vivo.
The mouse open brain (opb) gene plays an essential role
in the specification of early dorsal identities. open brain is
an uncloned gene defined by two mutant alleles: a sponta-
neous mutation, opb1, and an ENU-induced mutation, opb2
(Gu¨nther et al., 1994; Spo¨rle et al., 1996; Kasarskis et al.,
1998). In the caudal neural tube of opb mutant embryos,
dorsal neural cell types are reduced or absent and ventral
neural cell types, including Shh-expressing cells, expand
into more dorsal regions (Gu¨nther et al., 1994; Spo¨rle et al.,
1996). This is the opposite of the Shh phenotype, in which
ventral neural cell types are lost and dorsal cell types
expand into more ventral regions (Chiang et al., 1996).
These opposing phenotypes indicate that opb and Shh have
antagonistic roles in neural patterning.
Chimeric mouse embryos provide an opportunity to
dissect the signaling events that pattern the neural tube, by
identifying the cells that send and receive specific signals in
the context of the neural tube in vivo. We used chimeras
composed of mixtures of opb mutant and wild-type cells to
help define the role of opb in patterning the spinal cord.
Using this approach, we find that wild-type opb (opb1) acts
cell autonomously in a broad dorsal region encompassing
approximately 80% of the neural tube, where it is required
to specify dorsal and lateral fates. The chimera analysis also
reveals that opb controls the production of a diffusible
signal that regulates the number of cells that acquire
ventral fates.
MATERIALS AND METHODS
Mouse Strains and Genotyping
The opb2 mutation was generated on a C57BL/6J genetic back-
round and backcrossed to the C3HeB/FeJ (C3H) background as
reviously described (Kasarskis et al., 1998). All of the opb2 mutant
embryos analyzed were congenic for the C3H background. We
obtained the opb1 mutation on a mixed genetic background
C57BL/6; C3H; courtesy of Dr. Marilyn Fisher, University of
irginia) and backcrossed it five generations to the C3H strain. The
orsal–ventral patterning phenotype in opb2 described here is more
evere than that described previously for opb1 (Gu¨nther et al., 1994;
po¨rle et al., 1996). This is apparently due to differences in strain
ackground because both alleles showed similar phenotypes in the
3H background (data not shown). The genotype of mice and
mbryos at the opb locus was determined by the presence of linked
lleles of the SSLP markers D1Mit318 and D1Mit373, which are
ess than 1 cM on opposite sides of opb (Kasarskis et al., 1998; our
npublished data).
Immunohistochemistry and in Situ Hybridization
Immunohistochemical staining of fixed frozen sections of em-
bryos was performed as described (Yamada et al., 1993). Antibodies h
Copyright © 2000 by Academic Press. All rightwere rabbit a-Math1 (Helms and Johnson, 1998), rabbit a-LH2A/B
Liem et al., 1997), rabbit a-b-galactosidase (a-b-gal; USBiological,
G1041-40), mouse a-SHH-N (Ericson et al., 1996), mouse a-Hnf3b
(Ericson et al., 1996), mouse a-Pax7 (Ericson et al., 1996), mouse
a-Pax6 (Ericson et al., 1997a), mouse a-Islet-1/2 (a-Isl1/2; Ericson et
l., 1992), mouse a-MNR2/HB9 (Tanabe et al., 1998), mouse
a-Msx1/2 (Liem et al., 1995), mouse a-Nkx2.2 (Ericson et al.,
1997b), mouse a-Lim1/2 (Tsuchida et al., 1994). The a-Msx1/2
ntibody (4G1) may also recognize Msx3 based on expression
atterns (Wang et al., 1996). Fluorescent secondary antibodies were
rom Jackson ImmunoResearch. Sections to be compared were
rocessed simultaneously.
Frozen section and whole-mount RNA in situ hybridization was
erformed as described (Schaeren-Wiemers and Gerfin-Moser,
993; Belo et al., 1997) except that digoxigenin-labeled probes were
urified by precipitation with LiCl and ethanol. Probes used were
ax3 (Goulding et al., 1991), Wnt1 (Parr et al., 1993), Shh (Echelard
et al., 1993), Bmp7 (Lyons et al., 1995), and Bmp6 (Lyons et al.,
1989).
Generation of opb2 Mutant ES Cells
We crossed opb2 three generations into the 129/SvJ strain be-
cause this genetic background is permissive for the production of
embryonic stem (ES) cell lines (Hogan et al., 1994). The mutant
embryos produced by intercrosses of the N3 backcross animals
showed all of the features of the opb2 phenotype seen in the C3H
ackground, except the morphology of the caudal neural tube.
nstead of the spinal dysraphism (open posterior neural tube) seen
n C3H opb2 mutants, the posterior neural tube of the 129/SvJ opb2
mutants was closed but bloated. Despite the difference in morphol-
ogy, all the markers for dorsal–ventral cell types showed the same
expression pattern in both backgrounds (data not shown). Thus the
neural tube closure defect observed in the C3H background did not
cause the changes in dorsal–ventral neural patterning seen in opb2
mutants.
ES cell lines were established as described (Hogan et al., 1994) by
ntercrossing opb2/1 129/SvJ (N3) mice. Cells were cultured in the
resence of 1000 u/ml mLIF (ESGRO, Life Technologies) on a
eeder layer made from mitomycin C-treated STO/N/L cells. From
5 plated blastocysts, 16 cell lines were obtained from individual
lastocysts, 2 of which (lines opb55 and opb80) were opb2 homozy-
gous based on the genotype of flanking markers.
Generation and Analysis of Chimeras
The host blastocysts used for chimeras were from crosses of
superovulated C57BL/6J female mice mated to males homozygous
for the ROSA26 (lacZ) gene trap insertion (Friedrich and Soriano,
1991). Blastocysts were injected with opb2/opb2 (opb55, opb80) or
pb2/1 (opb36) ES cells to generate opb2/opb2 7 1/1 and
opb2/17 1/1 (control) chimeric embryos by standard procedures
Hogan et al., 1994). Chimeric embryos were recovered 8 days after
lastocyst transfer, which allowed them to develop to a stage
quivalent to e10.5 (the in vitro manipulations led to a develop-
ental delay of 16 to 24 h). Some chimeric embryos were stained
irectly for b-galactosidase activity with X-gal (Hogan et al., 1994)
to judge the degree of chimerism. Both opb2/opb2 cell lines and the
control (opb2/1) cell line contributed to chimeric embryos over a
broad range (from 5 to 95% ES cell-derived cells). Antibody staining
was performed on 24 opb2/opb2 7 1/1 chimeras from the twoomozygous ES cell lines and 8 chimeras from the control cell line.
s of reproduction in any form reserved.
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650 Eggenschwiler and AndersonThe two mutant cell lines behaved identically in chimeras. The
behavior of opb2/1 ES cells in the control chimeras was indistin-
guishable from that of wild-type host-derived cells, regardless of
the level of ES cell contribution.
RESULTS
Loss of Dorsal Neural Fates Precedes Expansion of
Ventral Markers in opb Mutants
In the caudal spinal cord of e10.5 opb1 embryos, markers
of dorsal cell types are reduced or absent and ventral
markers are expanded (Gu¨nther et al., 1994; Spo¨rle et al.,
996). We identified a second allele of the gene, opb2
(Kasarskis et al., 1998), that exhibited a ventralization of
neural cell fates in the spinal cord posterior to somite 17
similar to that described previously for opb1 but signifi-
cantly stronger (Fig. 1). Pax7, which is expressed in neural
progenitors in the dorsal half of the neural tube of wild-type
embryos, was not expressed at all in the caudal spinal cord
of e10.5 opb2 mutant embryos (Fig. 1B); the same result was
een with Pax3 (data not shown). Pax6, which is expressed
n lateral cells of the wild-type neural tube, was instead
xpressed in cells at the dorsal pole of the opb2 neural tube
Fig. 1D). Shh-responsive early markers of ventral neural
rogenitors were expressed in the same nested order seen in
ild-type embryos, but all the domains were expanded
orsally in opb2 embryos. Expression of Shh expanded to
the ventral quarter of the opb2 neural tube (Fig. 1J). Hnf3b
expression expanded further, to include the ventral third of
the neural tube (Fig. 1H). The Nkx2.2 domain expanded to
include the ventral two-thirds of the neural tube, up to the
ventral border of the Pax6 domain (Fig. 1F).
Definitive neural cell types in opb2 embryos developed in
patterns that were consistent with the expression of neural
progenitor markers. Corresponding to the complete absence
of early dorsal markers, e10.5 opb2 embryos completely
lacked dorsal root ganglia and roof plate posterior to somite
17 (Fig. 2), a stronger phenotype than that described for opb1
(Gu¨nther et al., 1994; Spo¨rle et al., 1996). Markers of dorsal
interneurons and their progenitors, such as Math1, also
failed to be expressed in opb2 embryos (Figs. 2C and 2D;
ata not shown). This result is expected because the roof
late, which is absent in opb, is required for the specifica-
ion of these definitive dorsal cell types (Lee et al., 2000).
ust as the domains of ventral progenitor cells expanded, the
omain of expression of motor neuron markers such as
sl1/2 and MNR2/HB9 expanded to encompass most of the
eural tube (Figs. 2E–2H).
One day earlier, at e9.5, early dorsal markers such as Pax3
ailed be expressed posterior to the level of somite 17 in
pb2 embryos (Fig. 3), the same region where Pax7, Pax3,
nd Wnt1 failed to be expressed in e10.5 mutant embryos.
However, Shh and Hnf3b were confined to their normal
entral domains in the e9.5 opb2 embryos (Fig. 3F; data not
shown). Ectopic expression of Shh was first detectable
roughly 24 h after the failure to express dorsal markers.
Copyright © 2000 by Academic Press. All righthis indicates that the loss of dorsal fates in opb mutants is
ot caused by the expansion of the Shh expression domain.
Cell Autonomous Requirement for Wild-Type opb
in the Dorsal and Lateral Neural Tube
To determine whether opb1 is required in dorsal neural
ells or in another cell type, we analyzed opb2/opb2 7
wild-type (wt) chimeric embryos. We established opb2/opb2
mutant ES cell lines (see Materials and Methods) and
generated chimeras by injecting mutant ES cells into wild-
type ROSA26/1 blastocysts, which express lacZ ubiqui-
tously. The ROSA26 insertion allowed us to distinguish
individual lacZ-negative mutant cells and lacZ-positive
wild-type cells in chimeric embryos, using antibodies
against b-galactosidase (b-gal). Chimeras with very high
utant ES contribution (90–100%) reproduced the opb
henotype. Mutant cells were not excluded from any tissue
data not shown), indicating that opb1 is not required for
urvival or proliferation of any particular cell type.
The chimeras revealed that opb1 was required cell au-
tonomously for the expression of Pax7 in the dorsal half of
the neural tube at e10.5 (Fig. 4). In chimeras with low
(,30%) mutant ES cell contribution, small patches of
mutant cells failed to express Pax7, even when surrounded
by wild-type cells (Figs. 4A–4C). In chimeras with high
mutant ES cell contribution (.70%), small groups of wild-
type cells in the dorsal neural tube expressed Pax7, even
when surrounded by mutant cells (Figs. 4D–4F).
The expression of Pax6 in the lateral neural tube also
showed a cell-autonomous dependence on opb1 (Fig. 5). In
lateral regions of chimeric neural tubes, wild-type cells
expressed high levels of Pax6 while mutant cells did not,
independent of the total number of mutant cells in the
region (Figs. 5A–5F). Thus opb1 is required cell autono-
ously for activation of Pax6 in lateral cells. In wild-type
mbryos, Pax6 is expressed at low levels in dorsal cells of
ild-type embryos, while the domain of high-level Pax6
xpression was shifted dorsally in opb2 mutants (see Figs.
C and 1D). In chimeras with low and intermediate contri-
utions of mutant ES cells, dorsal patches of mutant cells
xpressed Pax6 at the high levels characteristic of opb2
mutants (Figs. 5A–5C and 5H–5J), whereas wild-type cells
behaved normally. Therefore dorsally positioned cells re-
quired opb1 autonomously to avoid expressing high levels
of Pax6. However, in chimeras composed mostly of mutant
cells, both mutant and wild-type cells in the dorsal region
expressed high levels of Pax6 (Figs. 5D–5F). Thus the
repression of Pax6 in dorsal cells involves both cell-
autonomous and non-cell-autonomous activities of opb1.
The cell-autonomous requirement for opb1 for activation
of Pax7 and Pax6 expression demonstrates that the opb1
gene is expressed and active within cells in the dorsal and
lateral neural tube. Even when surrounded by opb mutant
cells, wild-type cells activate Pax7 or Pax6 in the correct
region, so opb1 does not control the signals that specify
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightdorsal and lateral fate but instead controls the ability of
cells to acquire dorsal and lateral identities.
BMP Signaling in opb Mutants and Chimeras
Experiments have shown that BMPs can increase the
expression of the dorsal marker Pax3 in neural tissue (Liem
et al., 1995) and the results described above showed that
opb1 is required for dorsal and lateral cells to respond to
signals that specify regional identity. We therefore investi-
gated whether opb1 acts as a downstream component of a
BMP signaling pathway. We examined Msx gene expres-
sion, which is activated rapidly in response to BMPs in a
variety of developmental contexts, including the spinal
cord, tooth, limb, and facial primordium (Liem et al., 1995;
Vanio et al., 1993; Ganan et al., 1996; Graham et al., 1994;
Barlow and Francis-West, 1997) and is considered the best
available readout of BMP signaling in vertebrates.
In wild-type embryos, Msx1/2 expression is highest in the
roof plate and declines in a graded manner across the dorsal
third of the neural tube (Fig. 6A). Msx1/2 was expressed in
the caudal spinal cord of opb2 mutants, but the domain of
expression was narrowed to the dorsal ;10% of the neural
tube (Fig. 6B). A similar pattern of Msx2 RNA expression
was seen in opb1 embryos (Gu¨nther et al., 1994). Thus in
contrast to the absolute requirement for opb1 for Pax3 and
Pax7 expression, dorsal opb2 mutant cells retain some
ability to express Msx1/2.
The narrowed domain of Msx1/2 expression could reflect
either a decreased responsiveness to BMPs or a decreased
expression of BMPs in opb2 mutants. Chimeric embryos
elped distinguish between these possibilities. In chimeras
ith low mutant cell contribution, Msx1/2 was expressed
n the wild-type pattern, and adjacent mutant and wild-type
ells expressed Msx1/2 at the same levels (Figs. 6C–6E). In
himeras with high mutant cell contribution, Msx1/2 ex-
ression was restricted to the dorsalmost cells, as in opb2
mutants; adjacent wild-type and mutant cells in dorsolat-
eral positions both failed to express Msx1/2 in these chime-
ras (data not shown). Thus, the opb genotype of a cell did
not influence its ability to express Msx1/2.
To test whether the narrowed domain of Msx1/2 expres-
sion was the result of decreased expression of BMPs, we
dorsolateral cells expressed low levels, and lateral cells did not
express Pax6. (E, F) a-Nkx2.2 immunofluorescence. The normal
Nkx2.2 expression domain was in the ventral neural tube between
the low Pax6 expression domain and the floor plate. In opb2 the
entral two-thirds of the mutant neural tube expressed Nkx2.2. (G,
) a-Hnf3b and (I, J) a-Shh immunofluorescence. In wild type,
Hnf3b expression marked the floor plate cells (arrow in G) and the
djacent cells, and Shh expression marked the floor plate and
otochord (arrow in I). opb2 neural tubes displayed a morphologi-
cally normal floor plate but showed expanded domains of Hnf3bFIG. 1. Markers of early neural identity in opb2 mutants. Wild-
type (A, C, E, G, I) and opb2 (B, D, F, H, J) e10.5 neural tubes are
shown in transverse sections (dorsal up) immediately anterior to
the hindlimbs. (A, B) a-Pax7 immunofluorescence. Pax7 was not
xpressed in the opb2 neural tissue. (C, D) a-Pax6 immunofluores-
ence. In wild type Pax6 was expressed at high levels in the lateral
egions of the neural tube and low levels in more dorsal and ventraland Shh. Scale bars, 50 mm.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightcompared the expression of selected Bmp genes in wild-type
and mutant embryos (Figs. 6F–6I). Bmp7 was expressed in
surface ectoderm of both wild-type and opb2 embryos. In
ontrast, Bmp6 was expressed in the roof plate of wild-type
mbryos but was not expressed in the posterior opb2 neural
ube, presumably as a result of the general defect in roof
late specification in the mutant. The altered Bmp expres-
ion pattern can explain the pattern of Msx1/2 expression in
pb mutants: Bmp expression in the surface ectoderm
ctivates Msx1/2 expression in the most dorsal neural cells
nd decreased Bmp expression in the neural tube causes
lower Msx1/2 expression in dorsolateral neural cells.
Nonautonomous and Autonomous Effects of opb
on the Ventral Neural Tube
The ventral markers Shh and Hnf3b expanded 24 h after
dorsal markers failed to be expressed, suggesting that these
two aspects of the opb phenotype, expansion of ventral fates
and absence of dorsal fates, could have different origins.
This was confirmed in chimeric embryos, in which the
expanded expression domains of the ventral markers Shh
and Hnf3b showed a non-cell-autonomous dependence on
opb1 (Fig. 7), in contrast to the cell-autonomous require-
ent for opb1 for dorsal regional identity. In chimeric
mbryos with low and intermediate mutant ES cell contri-
ution, no ectopic expression of Shh or Hnf3b was observed
(Figs. 7A–7C; data not shown). Even patches of mutant cells
immediately adjacent to the normal expression domains did
not express Shh. In chimeras with high mutant cell contri-
bution, the expression domains of Shh and Hnf3b were
xpanded significantly (Figs. 7D–7I). In the regions of ec-
opic expression, the cellular genotype had no apparent
ffect on marker expression: both wild-type and mutant
ells expressed Shh and Hnf3b ectopically. Therefore, ven-
rolateral cells in opb2 mutants do not express ventral
markers ectopically because they lack opb1, but because a
large number of other cells lack opb1 activity.
Ectopic Nkx2.2 expression was seen only in chimeras with
intermediate to high levels of mutant cell contribution
(.50%), indicating that lateral cells lacking opb1 express
kx2.2 ectopically only when in a largely mutant environ-
ent. However, in contrast to Shh and Hnf3b, only mutant
ells expressed Nkx2.2 at ectopic positions, whereas wild-type
immunofluorescence. (E) The dorsal root ganglia (DRGs, white
arrows) and motor neurons in the ventral neural tube expressed
Isl1/2 in wild type as did a small number of dorsal interneurons (D2
interneurons). (F) Isl1/21 DRG cells were absent in the opb2
mutant, whereas a-Isl1/2-expressing cells were observed around
the dorsal–ventral circumference within the neural tube. (G, H)
a-MNR2/HB9 immunofluorescence. The expansion of the motor
neuron domain was also seen with the motor neuron-specific
marker MNR2/HB9. Note the abnormal shape of the mutant neuralFIG. 2. Later neural cell types in opb2 mutants. Wild-type (A, C,
E, G) and opb2 (B, D, F, H) e10.5 embryos are shown in whole
ount (A, B) or transverse sections through neural tubes immedi-
tely anterior to the hindlimbs (C–H). (A, B) Wnt1 in situ hybrid-
zation. (A) Wnt1 is expressed in the wild-type roof plate (arrow). (B)
n opb2 Wnt1 expression was absent posterior to somite 12 (arrow),
whereas expression in the dorsal edges of the open head folds
(arrowheads) was normal. (C, D) a-Math1 immunofluorescence;
dorsal up. Math1, which is expressed in precursors of the D1 dorsal
interneurons (C) was not expressed in opb2 (D). D1 and D3
nterneurons, marked by expression of LH2A/B and Lim1/2, respec-tube in section. Scale bars, 400 mm in A, B and 50 mm in C–H.
s of reproduction in any form reserved.
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653open brain in Neural Tube Patterningcells outside the normal Nkx2.2 domain behaved normally
(Figs. 7J–7L; data not shown). Thus the dorsal expansion of the
Nkx2.2 domain in opb mutants had both cell-autonomous
nd non-cell-autonomous components.
DISCUSSION
opb1 Is Required Cell Autonomously for
pecification of Dorsal and Lateral Neural Fates
The earliest neural patterning defect in opb2 mutants is
FIG. 3. Expression of dorsal markers and Shh in the caudal neural t
, H) at the 17- to 20-somite stage. The most recently formed somites
itu hybridization; posterior to the right. In the wild-type embryo Wnt
ecently formed somite (black arrowhead). In the mutant Wnt1 was n
hole-mount Pax3 in situ hybridization; posterior to the right. In w
europore (black arrowhead in C). In the opb2 mutant, Pax3 was not
the neural tube closure defect posterior to this point. Shh in situ hybr
(E, F) and in 28- to 30-somite-stage (e10.5) embryos (G, H). The express
type; in contrast, the Shh domain in the mutant at e10.5 was expandthe failure of dorsal and lateral cells to express early
Copyright © 2000 by Academic Press. All rightmarkers of regional identity. The chimeras demonstrated
that these defects are due to a cell-autonomous require-
ment for opb1 in dorsal and lateral cells. Individual opb
utant dorsal cells do not express Pax7 even when
urrounded by wild-type cells. Similarly, individual opb
utant lateral cells do not express Pax6. Even the size of
he domain of Nkx2.2, which is normally limited to a
entral region adjacent to the floor plate, depends on the
ell-autonomous activity of opb1: only mutant cells in
chimeras expressed Nkx2.2 at ectopic dorsal positions.
This cell-autonomous component of ectopic Nkx2.2 ex-
f early opb2 mutants. Wild-type (A, C, E, G) and opb2 mutants (B, D,
–D are indicated by white arrowheads. (A, B) Whole-mount Wnt1 in
ression in the roof plate extended posteriorly to the level of the most
pressed posterior to the level of somite 14 (black arrowhead). (C, D)
pe Pax3 was expressed in dorsal neural as far caudal as the posterior
ssed posterior to the level of somite 17 (black arrowhead in D). Note
tion at the level of somite 20 in 20- to 21-somite stage (e9.5) embryos
omain of Shh in opb2 mutant embryos at e9.5 was the same as in wild
cale bars, 200 mm in A–D and 50 mm in E–H.ube o
in A
1 exp
ot ex
ild ty
expre
idiza
ion dpression may be mediated by Pax6. Pax6 represses
s of reproduction in any form reserved.
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654 Eggenschwiler and AndersonNkx2.2 expression (Ericson et al., 1997b; Briscoe et al.,
2000), so lateral opb1 cells, which express Pax6 cell
utonomously, will repress Nkx2.2. Our results show
hat opb1 acts autonomously within cells as far ventral as
the dorsal border of the Nkx2.2 domain. Thus opb1 is
xpressed and required in a broad region encompassing at
east the dorsal 80% of the neural tube.
Based on the phenotype at e10.5, it was suggested that
he expanded Shh expression domain in opb might be
esponsible for the lack of expression of dorsal markers
Gu¨nther et al., 1994). In this view, excess Shh protein
ould shut off the expression of dorsal markers. Our data
how this is not the case: dorsal fates are absent in opb2
mutants 24 h prior to the expansion of Shh expression. In
addition, Shh is a secreted molecule that should act
nonautonomously, whereas opb1 is required cell autono-
mously in dorsal cells. Furthermore, mutant cells fail to
express Pax7 in dorsal regions and Pax6 in lateral regions
even when most of the neural tube is wild type and the
domain of Shh is not expanded. Thus the expansion of the
Shh expression domain is clearly not responsible for the
FIG. 4. Cell-autonomous requirement for opb1 for Pax7 expressio
low (A–C) and high (D–F) mutant cell contribution. (A, D) a-b-ga
double-label immunofluorescence. Dorsally located mutant cells in
F) because they are b-gal negative and fail to express Pax7. Wild-type
both b-gal and Pax7 and therefore appear yellow in the double expabsence of dorsal neural identity in opb. m
Copyright © 2000 by Academic Press. All rightopb1 Acts through a Diffusible Signal to Prevent
xpansion of Ventral Cell Types
In the posterior spinal cord of e10.5 opb2 mutants, cells of
the lateral neural tube express markers characteristic of
more ventral cell types. The expansion of the Shh and
Hnf3b domains is non-cell autonomous: both wild-type and
mutant cells express these genes ectopically in chimeras
with a high contribution of mutant cells. Because opb1 acts
as a cell-autonomous factor, the ventralization must be
mediated by a diffusible signal regulated by opb1 that
affects the domain of ventral marker expression. At least
part of this nonautonomous ventralization is probably me-
diated by Shh itself. In opb mutants, the domain of Shh
expression expands from the floor plate to include the
ventral quarter of the mutant neural tube. The expanded
Shh domain is sufficient to explain the expanded expression
of Hnf3b because its expression is activated by Shh (Ericson
t al., 1997b; Roelink et al., 1995). The Nkx2.2 domain
xpands only in those chimeras with a large contribution of
utant cells, reflecting a non-cell-autonomous action of
pb. This non-cell-autonomous effect is also most probably
pb2/opb2 7 wt chimeric neural tubes (at the hindlimb level) with
en, marks wt cells), (B, E) a-Pax7 (red), and (C, F) a-b-gal/a-Pax7
eras (arrowheads in B) were unlabeled in the double exposures (C,
s in the dorsal neural tubes of chimeras (arrowheads in E) expressed
es. Scale bars, 50 mm.n. o
l (gre
chim
cellediated by late expansion of the Shh expression domain.
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tube is to restrict the domain of Shh expression.
Mechanism of Action of opb
Chimera analysis revealed that opb1 acts within neural
progenitor cells that give rise to a majority of the cell types
in the mature spinal cord, including roof plate, neural crest,
FIG. 5. Pax6 expression in chimeras. opb2/opb2 7 wt chimeric n
intermediate (H–J) mutant cell contribution. a-b-Gal (A, D, H; gree
Regardless of the level of mutant contribution in chimeras, wild-ty
hereas mutant cells (yellow arrowheads in B) did not. In low an
eural tube (white arrowheads in B, C) expressed Pax6 at high leve
ax6 expression domain in red) of an intermediate contribution c
himeras with a high contribution of mutant cells, wild-type cells in
f Pax6 like the mutant cells. Scale bars, 50 mm in A, D and 20 mdorsal interneurons, and motor neurons. In these cells, opb
Copyright © 2000 by Academic Press. All rightacts cell autonomously to promote dorsal identity and to
prevent cells from taking on a more ventral identity. We
propose two models, either of which could describe the
mechanism of opb action (Fig. 8).
In one model, the product of the wild-type opb gene is
required within dorsal cells to respond to a dorsalizing
signal from another tissue, such as the surface ectoderm or
paraxial mesoderm (Fig. 8A). This model is attractive be-
l tubes (at the hindlimb level) with low (A–C) and high (D–F) and
-Pax6 (B, E, I; red), and double-label (C, F, J) immunofluorescence.
lls in lateral positions (b-gal1, arrowheads in D, E) expressed Pax6,
ermediate contribution chimeras, only mutant cells in the dorsal
–J) High magnification of the dorsal region (depicted in G, normal
ra shows high Pax6 expression only in mutant (b-gal2) cells. In
al positions (arrowheads in F) inappropriately expressed high levels
H.eura
n), a
pe ce
d int
ls. (H
hime
dorscause the first defect observed in opb2 mutants is the
s of reproduction in any form reserved.
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656 Eggenschwiler and Andersoncell-autonomous failure to activate dorsal markers. The
best candidates for diffusible dorsalizing factors from sur-
face ectoderm are the BMPs. However, the data indicate
that opb1 is not required for the expression of Msx1/2, a
tandard readout of BMP signaling. This was clearest in
himeric embryos, in which wild-type and opb mutant cells
ere equally able to express the BMP target genes, Msx1/2.
pb1 could, however, act in a branch of BMP responses that
unctions in parallel with the pathway that activates Msx
ene expression.
Our data do indicate that opb and BMP signaling are
inked, although indirectly. The failure of opb mutants to
FIG. 6. BMP signaling in opb2 mutants. (A, B) a-Msx1/2 immunofl
of e10.5 embryos. Msx1/2 is expressed in a gradient in the dorsal n
was restricted to the most dorsal cells (B). (C, D, E) Immunofluor
mutant cell contribution. In chimeras with low or intermediate m
of mutant cells (red, arrowheads in C, E) expressed Msx1/2 at the sa
Bmp6 (H, I) in situ hybridization of e10.5 embryos. Bmp7 was expr
arrowheads in F, G). Bmp6 is normally expressed in the dorsal neu
audal levels. Anterior neural Bmp6 expression was normal in thepecify the roof plate causes the loss of an important
Copyright © 2000 by Academic Press. All rightrganizing center necessary for the establishment of defini-
ive dorsal cell types (Lee et al., 1998, 2000; Millonig et al.,
2000). The lack of Bmp expression in the roof plate, for
example, will affect later cell fate decisions in the neural
tube. In this view, opb1 acts upstream of BMPs rather than
as a component of a BMP signaling pathway.
Another model that is consistent with the data is that
opb1 could function as an intracellular negative regulator of
the Sonic hedgehog pathway, rather than in the response to
a dorsalizing signal. The possibility that opb1 helps keep
the Shh signaling pathway off in the absence of ligand is
supported by similarities between the phenotypes of
scence; transverse sections immediately anterior to the hindlimbs
tube of wild type (A). In the opb2 mutant, the expression domain
t staining of an opb2/opb2 7 wt chimeric neural tube with low
t cell contribution, Msx1/2 was expressed as in wild type. Patches
evel as adjacent wild-type cells (yellow cells in E). Bmp7 (F, G) and
in dorsal surface ectoderm of both wild-type and mutant animals
ube (arrowhead in H) but was not expressed in the opb2 mutant at
mutant (data not shown). Scale bars. 50 mm (bar in F refers to F–I).uore
eural
escen
utan
me l
essed
ral tPatched (Ptch) and opb mutant embryos. Patched is a
s of reproduction in any form reserved.
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5FIG. 7. Expansion of ventral markers in opb2 mutants. (A–F) a-b-gal (green)/a-Shh (red), (G–I) a-b-gal (green)/a-Hnf3b (red), and (J–L)
a-b-gal (green)/a-Nkx2.2 (red) immunofluorescence in e10.5 opb2/opb2 7 wt chimeric neural tubes (at the hindlimb level). In low and
ntermediate contribution chimeras, Shh was expressed in the normal domain (A–C). Mutant cells positioned just outside of these domains
arrowheads in C) would have expressed Shh ectopically in an opb2 mutant but behaved as wild-type cells in the largely wild-type
environment. In chimeras with high mutant contribution, the Shh (D–F), Hnf3b (G–I), and Nkx2.2 (J–L) domains were expanded
significantly. Both mutant cells and wild-type cells (arrowheads in F, I) dorsolateral to the floor plate expressed Shh and Hnf3b ectopically
n the largely mutant environment. In contrast, the ectopic expression of Nkx2.2 had a cell-autonomous component: only mutant
ells expressed Nkx2.2 at ectopic positions, whereas nearby wild-type cells did not express this marker (arrowheads in L). Scales bars,
0 mm.
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658 Eggenschwiler and Andersoncomponent of the Shh receptor that acts as a negative
regulator of Shh signaling; in its absence, the Shh signaling
pathway is constitutively active at a high level. Embryos
homozygous for a null Ptch mutation show a more extreme
ventralization than is seen in opb embryos (Goodrich et al.,
1997) whereas embryos with a partial loss of Ptch function
show a weak ventralization of the neural tube that is more
similar to the opb phenotype (Milenkovic et al., 1999). If
opb1 is in fact a component of the Shh signaling pathway,
the dorsal shift of cell types in the opb mutant would
rovide genetic evidence that a gradient of Shh activity is
mportant in the specification of the domains of dorsal Pax7
nd lateral Pax6 expression. Double mutants of opb and
omponents of the Shh signaling pathway will help test this
ossibility.
This work defines the essential role of opb1 in the
establishment of cell fates across much of the dorsal–
ventral axis of the caudal neural tube. No known homo-
logues of BMP or Shh signaling pathway components map
to the genomic region that includes the opb gene (data not
FIG. 8. Two models for the role of opb in dorsal–ventral neural p
signals control neural fate. opb1 is required intracellularly for d
peach-colored gradient) produced by another cell type such as the
mutants, we hypothesize that properly specified dorsal and lat
ventralization by Shh (blue-colored gradient). In Model B, opb1 act
ells throughout the neural tube. In the absence of opb1, partial lig
f dorsal markers such as Pax7 in dorsal cells. Pax6 is activated by l
t al., 1997b). The delayed nonautonomous expansion of ventral ma
the sum of floor plate-derived Shh ligand and pathway activation
or Shh autoactivation. The production of more Shh ligand, in turshown), so opb encodes a novel molecule required for
Copyright © 2000 by Academic Press. All righteural patterning. Future molecular and genetic studies
ill make it possible to identify the signals that require
pb1 for their proper interpretation and to determine how
pb1 controls dorsal and lateral neural fates.
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